Obesity during pregnancy has major consequences for maternal and neonatal health, but the long-term effects on the offspring are less clear. It is not known whether the effects observed in animal models are a result of maternal obesity per se or of the high-fat diets used to induce obesity. This investigation aimed to develop a model for the evaluation of the independent effects of cafeteria feeding and maternal obesity, considering their impact on plasma volume expansion, circulating metabolites, and fetal and placental growth. Wistar rats were fed a control or cafeteria diet from weaning. After 8 weeks, all animals were mated and half of the animals within each group were crossed-over to the alternative diet. This generated four treatment groups, differing in their pre-gestational and gestational diets. Half of the animals were culled at day 5 of gestation and the remainder at day 20. Maternal body composition, blood volume and circulating glucose, TAG and cholesterol were determined. Cafeteria feeding was effective in inducing obesity, as demonstrated by increased fat depot weights and total body fat, without impacting upon reproductive success or circulating lipid concentrations. The study successfully demonstrated that there were differential effects of maternal body fatness and diet upon fetal and placental growth, with pre-gestational obesity leading to lower fetal weight at day 20 of gestation (P, 0·001). The model will provide a useful vehicle for the investigation of the complex interactions between dietary-and obesity-related factors during pregnancy in their effects on fetal development and postnatal metabolic function.
Obesity during pregnancy has major consequences for maternal and neonatal health. Rising levels of childhood obesity in Europe (1) and the USA (2) indicate that the prevalence of obesity in women of reproductive age is set to rise in the future. Indeed, the Foresight Report (3) estimated 13 % of 21-to 30-year-old and 22 % of 31-to 40-year-old females in England to be obese in 2007, and projected that this would rise to 30 and 47 % respectively by 2050. A huge body of evidence demonstrates the adverse consequences of obesity on pregnancy outcome. Women who are overweight or obese at conception are more likely to develop hypertensive, diabetic or thrombotic complications, and to deliver macrosomic babies (4, 5) . Associated with these risks are increased rates of delivery complications, postpartum haemorrhage and Caesarean section (4, 6, 7) . The cumulative effect is an increased risk of maternal, fetal and neonatal mortality.
In contrast to these more immediate consequences of maternal obesity, the evidence relating to the consequences of maternal obesity for the long-term health of the offspring is less clear. Human epidemiological studies have found positive associations between maternal BMI in pregnancy and the risk of obesity in the offspring in later life (8 -10) . However, this may reflect the transmission of genetic or shared familial lifestyle factors across generations. Increased strength of the maternal -offspring association in comparison with the paternal -offspring association suggests that there is an intrauterine component involved (11) , but this has not been observed in all studies (12, 13) . Other studies have focused on high birth weight (14, 15) and gestational diabetes (16 -18) as markers of fetal overnutrition and demonstrate a consistent, although not necessarily independent, association with increased adiposity and metabolic risk in the offspring.
Studies of animal models have confirmed that both underand overnutrition during pregnancy can promote metabolic risk in later life (19) . Such studies have demonstrated that early life factors contribute to the development of insulin resistance (6) , hypertension (7, 8) and endothelial dysfunction (9) . Reflecting the human literature, many of the early animal studies modelling the developmental origins of disease focused on nutrient restriction during pregnancy. However, more recent work has shown that maternal high-fat feeding during pregnancy can have similar postnatal consequences. Offspring from dams fed a maternal obesity-inducing, hyperenergetic diet before and during pregnancy have been shown to exhibit disturbed glucose and lipid homeostasis and greater adiposity in both the mouse (20) and the rat (21) . Similarly, Bayol et al. (22, 23) showed that cafeteria feeding during pregnancy could predispose to adiposity and altered feeding behaviour in the rat. Collectively, these studies demonstrate that feeding high-fat, obesity-inducing diets during pregnancy in rodent models can lead to permanent alterations in postnatal physiological function, promoting adiposity and CVD risk.
What is not clear from these studies is whether maternal obesity acts as a programming agent per se or whether other aspects of the obesity-inducing diet (for example, lower protein or higher fat content) drive the fetal responses. Shankar et al. (24) addressed this issue by rendering rats obese with a liquid high-fat diet fed by intragastric cannulation, then transferring obese animals to a control diet at mating and cross-fostering pups to lean dams at birth. In comparison with those from lean dams, the offspring of obese dams exhibited increased adiposity and insulin resistance. This study therefore demonstrates an independent effect of maternal obesity, specifically during the fetal period, on postnatal disease risk. The aim of the present investigation was to develop a robust model for the evaluation of the independent effects of a cafeteria diet and the intra-uterine environment associated with maternal obesity. The primary objective of the present study was to evaluate the impact of cafeteria feeding during pre-pregnancy and/or the pregnancy period on maternal body composition and fecundity. Having demonstrated the effectiveness of the feeding regimen in inducing obesity without impacting on reproductive success, the secondary objective was to assess the impact of obesity and cafeteria feeding on maternal adaptation to pregnancy, maternal circulating glucose and lipid status, and fetal and placental growth.
Methods

Animal procedures
The experiments were performed under licence from the Home Office in accordance with the 1986 Animals Act (Scientific Procedure). All animals were housed individually in plastic cages and subjected to a 12 h light-dark cycle at a temperature of 20 -228C and 45 % humidity. The animals were housed on shavings and had ad libitum access to food and water at all times. Virgin female Wistar rats (aged 3 weeks; n 47) were randomly allocated to be fed either a control chow diet alone (CON; n 23) or a control chow diet alongside a random selection of highly energetic and palatable human foods (cafeteria diet; CAF; n 23). These included biscuits, potato crisps, fruit and nut chocolate, Mars bars, cheddar cheese, golden syrup cake, pork pie, cocktail sausages, liver and bacon pâté, strawberry jam and peanuts. Four of the cafeteria foods were provided in a bowl on the cage floor daily in excess quantities. The foods provided were altered daily, to maintain variety, by replacing two of the foods with new items. Hence the animals did not receive the same foods for more than two consecutive days at a time. The chow diet (B&K Universal Ltd, Hull, UK) and cafeteria diet foods were individually weighed in and out of the cage between 09.00 and 10.00 hours daily. Daily intakes of energy, macronutrients and micronutrients were calculated from the manufacturers' data. Weight loss due to evaporation was measured in triplicate samples of each individual food item placed in empty cages. The average daily percentage change in the weight of foods ranged from 0 to 6·2 % and corresponded to an average overestimation of energy intake by 2·51 % (7·5 kJ/d), which can be considered within an acceptable error of measurement. Body weights of the animals were measured between 09.00 and 10.00 hours daily. Diets were introduced from weaning to allow a sufficient period of cafeteria feeding to induce obesity before mating at age 10 weeks.
After 8 weeks of control or cafeteria feeding, all rats were paired with a Wistar stud male and mating confirmed by the appearance of a semen plug. In order to separate the effects of maternal cafeteria feeding from the effects of maternal obesity, half of the animals from the control group were randomly allocated to the cafeteria diet (CON-CAF; n 11) and half of the animals from the cafeteria group were randomly allocated to the control diet (CAF-CON; n 11) upon confirmation of mating. The remaining animals within each group were maintained on their pre-gestational diets (CON-CON; n 12 and CAF-CAF; n 12).
Rats were terminally anaesthetised using isoflurane on day 5 or 20 of gestation, for the measurement of plasma volume expansion using the Evans blue procedure (25) . Briefly, a cannula was inserted into the left iliac vein and a baseline blood sample removed before administration of 0·3 ml Evans blue dye (0·5 mg/ml). After 5 min, a second blood sample was removed. Baseline and 5 min blood samples were centrifuged at 13 000 rpm and the absorbance of plasma samples determined at a wavelength of 610 nm. A standard curve was constructed by linear regression analysis of absorbance values obtained from known concentrations of Evans blue dye (0·001 -0·15 mg/ml). Plasma volume was estimated by calculating the dilution of the dye. Animals were euthanased by injection of pentobarbitone and death confirmed by cervical dislocation. Maternal gonadal fad pad, peri-renal fad pad and liver were weighed and a sample stored for further analysis. Fetal body weight, liver, brain, kidneys, heart and placenta were weighed and sampled from the animals that were culled on day 20 of gestation.
Body composition
Maternal carcass composition was determined in all animals by chemical analysis. Whole carcasses were oven-dried to determine the body water content as previously described (26) . The dried carcasses were homogenised and sampled for estimation of N content by the Kjehldal method and for fat content by Soxhlet extraction.
Plasma metabolites
Plasma metabolite analyses were performed on baseline samples collected before administration of the Evans blue dye. Total plasma cholesterol and total TAG were assayed using commercially available kits (Thermo Life Sciences, Basingstoke, Hants, UK). Plasma glucose was assayed using an adapted protocol based on the glucose oxidase method (27) . A standard curve was constructed by linear regression analysis of absorbance values of known concentrations of glucose (0 -2 mg glucose). Plasma samples were diluted 1:5 with phosphate buffer. In duplicate, 10 ml of sample and 200 ml of glucose reagent were added to the wells of a microtitre plate. The plate was incubated at 378C for 15 min and read at an absorbance of 620 nm (Sunrise TM , Tecan Group Ltd, Switzerland).
Statistical analysis
All data were analysed using the Statistical Package for Social Sciences (version 16; SPSS, Inc., Chicago, IL, USA). The effect of pre-gestational and gestational diet on maternal and fetal outcomes was assessed using a general linear model ANOVA (fixed factors, maternal diet, sex and age). Where longitudinal data were available (for example, weekly body weights or energy intake), the week of study was used in a repeated-measures analysis. Values are expressed as mean values with their standard errors. P,0·05 was considered statistically significant. No post hoc analyses were performed.
Results
Nutrient intakes
When offered the cafeteria diet, weanling rats markedly increased their food and hence energy intake. There was some adjustment to energy intake after the first 7-10 d of cafeteria feeding, but average intakes over the pre-pregnancy period remained significantly higher in cafeteria-fed animals when compared with chow-fed animals ( Fig. 1 , Table 1 ; P, 0·001). Cafeteria-fed animals also had significantly higher intakes of fat and Na, and significantly lower intakes of protein and total carbohydrate (Table 1 ; P, 0·001 for all variables). Similarly, animals fed the cafeteria diet during pregnancy (CON-CAF and CAF-CAF) consumed more energy, fat and salt, and less protein and total carbohydrate than animals fed the control diet during pregnancy (CON-CON and CAF-CON), irrespective of their prepregnancy diet (Fig. 1 , Table 1 ; P,0·001). These effects remained when body weight was entered into analyses as a covariate. The effects of cafeteria feeding in the prepregnancy and pregnancy periods are also reflected in the data showing nutrient intakes as a percentage of total energy intakes ( Fig. 2) . Cafeteria-fed animals consumed a significantly greater percentage of their daily energy intake as fat, and significantly less as protein and carbohydrate (P,0·001).
There was also an effect of pre-pregnancy diet on nutrient intakes during pregnancy, but only when body weight was entered as a covariate. Animals that had been fed the cafeteria diet in the pre-pregnancy period exhibited lower food intakes relative to body weight during pregnancy than those who had consumed the control diet pre-pregnancy. This was reflected in significantly lower intakes of all nutrients relative to body weight in the CAF-CON and CAF-CAF groups in comparison with the CON-CON and CON-CAF groups (Table 1 ; P, 0·001), with the exception of fat which did not reach statistical significance.
Maternal body weight and composition
All rats gained weight during the pre-pregnancy and pregnancy periods (Fig. 3) . Rats fed the cafeteria diet during the pre-gestational period had a significantly increased weight gain before mating in comparison with those fed the control diet (CON, 116 (SEM 24) g; CAF, 142 (SEM 30) g; P, 0·001). Similarly, rats fed the cafeteria diet during pregnancy had a significantly increased gestational weight gain in comparison with those fed the control diet (CON, 90 (SEM 27) g, CAF, 115 (SEM 33) g; P, 0·001), irrespective of the pre-gestational diet. Rats that remained on the cafeteria diet through the pre-gestation period and pregnancy (CAF-CAF) were therefore heavier than all the other groups throughout pregnancy. Weight gain slowed in rats switched to the control diet during pregnancy (CAF-CON), and these animals exhibited the lowest gestational weight gain overall.
At day 5 of gestation, animals that had been fed the cafeteria diet during the pre-gestation period had significantly heavier abdominal fat pads (Table 2) . Gonadal fat pads were 75 and 73 % heavier and perirenal fat pads 64 and 124 % heavier in the CAF-CON and CAF-CAF groups, respectively, compared with the CON-CON group. Cafeteria-fed rats that were then transferred to the control diet during gestation (CAF-CON) exhibited a slowing of net fat deposition at the peri-renal site and gonadal sites in comparison with those that remained on the cafeteria diet during pregnancy (CAF-CAF). However, they still had significantly heavier fat depots at day 20 of gestation than those fed the control diet throughout the study (CON-CON). The significant effects of the pre-gestational cafeteria diet therefore persisted to day 20 of gestation, irrespective of gestational diet. Cafeteria feeding in the gestational period also increased the weight of these fat depots in comparison with those fed the control diet during gestation. Thus the heaviest average fat depot weights were observed in the CAF-CAF group.
Shifts in the weight of abdominal fat depots reflected changes in overall carcass fat (Fig. 4) . At day 5 of gestation, animals that had been fed the cafeteria diet in the pre-gestational period had significantly higher body fat and lower N and water as a percentage of total body weight in comparison with animals fed the control diet in the pre-gestational period (Fig. 4(a) ; body fat -CON: 36 %, CAF: 43 %; P, 0·05). Similarly, at day 20 of gestation, animals fed the cafeteria diet during gestation exhibited significantly higher body fat Fig. 1 . Average daily energy intakes during each week of the pre-gestation and gestation periods. Values are means, with standard errors represented by vertical bars. Pre-gestational intakes (weeks 2 7 to 0) are shown for animals fed a control (CON-CON, n 12 (A) and CON-CAF, n 11 (W)) or cafeteria diet (CAF-CON, n 11 (B) and CAF-CAF, n 12 (X)) before mating (pre-gestational CON v. CAF, P, 0·05). Gestational intakes (weeks 1 to 3) are shown for animals fed a control (CON-CON, n 6 (weeks 2 and 3) to n 12 (week 1), or CAF-CON, n 6 (weeks 2 and 3) to n 11 (week 1)) or a cafeteria (CON-CAF, n 6 (weeks 2 and 3) to n 11 (week 1), or CAF-CAF, n 6 (weeks 2 and 3) to n 12 (week 1)) diet during pregnancy (gestational CON v. CAF, P, 0·05).
and lower N and water as a percentage of total body weight in comparison with animals fed the control diet during gestation (Fig. 4(b) ; P, 0·05). Mirroring observations of the weights of abdominal fat depots, the effects noted at day 20 of gestation did interact with the effects of the pre-gestational dietary treatment. Rats fed the cafeteria diet in the pre-gestational period and then transferred to the control diet during gestation (CAF-CON) exhibited similar total body fat at days 5 and 20 of gestation (41 and 42 %, respectively), whereas the CAF-CAF animals continued to deposit fat during gestation (45 % at day 5 and 53 % at day 20). Rats fed the control diet in the pre-gestational period and then transferred to the cafeteria diet during gestation (CON-CAF) exhibited an increase in body fat during pregnancy (body fat 38 % at day 5 of gestation and 46 % at day 20 of gestation). Although the increase was of similar magnitude to CAF-CAF animals, the degree of adiposity attained was lower in the CON-CAF group (CON-CAF 46 %, CAF-CAF 53 %, at day 20 of gestation).
Plasma metabolites
Although they were markedly obese, the cafeteria-fed rats showed little evidence of metabolic disturbances. Plasma glucose and TAG concentrations at day 5 or 20 of gestation were unaffected by cafeteria feeding at any stage of the experiment (Table 3) . TAG and total cholesterol concentrations increased between day 5 and day 20 of gestation in all groups of animals (P, 0·001). There was a tendency towards an interaction between the pre-gestational and gestational diets in their effects on plasma glucose concentrations at day 20 of gestation (P, 0·06), with the CON-CON rats exhibiting lower glucose concentrations than the three cafeteria-fed groups. Fig. 3 . Body-weight changes before and during pregnancy in rats fed a control (CON) or cafeteria (CAF) diet. Values are means, with standard errors represented by vertical bars, for n 11 or 12 (before day 5 of gestation) or n 6 (after day 5 of gestation). (A), CON-CON, control diet pre-and during pregnancy; (W), CON-CAF, control diet pre-gestation, cafeteria diet during pregnancy; (B), CAF-CON, cafeteria diet pre-gestation, control diet during pregnancy; (X), CAF-CAF, cafeteria diet pre-and during pregnancy. Weight gain during the pre-gestational period was significantly higher in the CAF-fed animals (P, 0·001). Weight gain during the gestational period was significantly higher in animals fed a cafeteria diet during pregnancy, irrespective of pre-gestational diet (P, 0·001). (CON, n 23) or cafeteria (CAF, n 23) diet before mating. Gestational intakes are shown for animals fed a control (CON-CON, n 6 (weeks 2 and 3) to n 12 (week 1), or CAF-CON, n 6 (weeks 2 and 3) to n 11 (week 1)) or a cafeteria (CON-CAF, n 6 (weeks 2 and 3) to n 11 (week 1), or CAF-CAF, n 6 (weeks 2 and 3) to n 12 (week 1)) diet during pregnancy. There was a significant effect of pre-gestational (* P , 0·001) and gestational ( † P, 0·001) cafeteria feeding on the intakes of protein ( ), carbohydrate (B) and fat (A) (all three macronutrients) during each respective period. There was no effect of pre-gestational diet on gestational intakes as a percentage of energy intakes. 
CON, control chow diet; CAF, cafeteria diet; CON-CON, control chow diet pre-gestation and during pregnancy; CON-CAF, control chow diet pre-gestation and cafeteria diet during pregnancy; CAF-CON, cafeteria diet pre-gestation and control chow diet during pregnancy; CAF-CAF, cafeteria diet pre-gestation and during pregnancy. * Mean value was significantly different from that of the CON group (P,0·001, with or without body weight as a covariate). † Mean value was significantly different from that of pregnancy CON-fed animals of the same pre-gestational diet group (CON-CON or CAF-CON group) (P, 0·01, with or without body weight as a covariate). ‡ Mean value was significantly different from that of pre-gestation CON-fed animals of the same pregnancy diet group (CON-CON or CON-CAF group) (P,0·001, with body weight as a covariate).
Reproductive outcome
One of the aims of the present study was to assess whether maternal obesity and/or the cafeteria diet had any impact upon the reproductive success of the rats, or their adaptation to pregnancy. All animals became pregnant and only one rat failed to carry pregnancy to day 20 of gestation. There was no effect of cafeteria feeding in either the pre-gestational period or during gestation on overall litter size (CON-CON, 12·3 (SEM 0·5); CON-CAF, 11·7 (SEM 0·5); CAF-CON, 13·0 (SEM 0·45); CAF-CAF, 11·3 (SEM 1·3)). Maternal plasma volume was determined as a measure of the reno-cardiovascular adaptation to pregnancy (Fig. 5) . It was apparent that there was a significant increase in plasma volume between day 5 and day 20 of gestation in all groups (P,0·001). There was no evidence that either maternal obesity associated with cafeteria feeding in the pre-gestational period, or the cafeteria diet itself, had any impact upon this physiological adaptation to pregnancy.
Fetal and placental growth
Cafeteria feeding in pregnancy had no significant impact upon fetal growth, with fetal weight at day 20 in the CON-CAF group similar to that in the CON-CON group. However, there was clearly an impact of cafeteria feeding to induce obesity in the pre-gestation period, as shown by the significant effect of pre-gestational diet on fetal weight at day 20 (P,0·001) ( Fig. 6(a) ). Fetuses of the CAF-CON and CAF-CAF groups were significantly smaller than those of the CON-CON and CON-CAF groups. In contrast to fetal weight, placental weight appeared to be sensitive only to the diet in pregnancy, with cafeteria feeding in pregnancy resulting in reduced placental size (P, 0·001) ( Fig. 6(b) ). The significant effects of pre-gestational diet on fetal weight and gestational diet on placental weight were reflected in the fetal: placental weight ratios (Fig. 6(c) ). Whilst the cafeteria diet during the pre-gestational period significantly reduced the fetal:placental weight ratio (P, 0·001), the cafeteria diet during gestation significantly increased the fetal:placental CON-CON, control chow diet pre-gestation and during pregnancy; CON-CAF, control chow diet pre-gestation and cafeteria diet during pregnancy; CAF-CON, cafeteria diet pre-gestation and control chow diet during pregnancy; CAF-CAF, cafeteria diet pre-gestation and during pregnancy. * Mean value was significantly different from that of pre-gestation CON-fed animals of the same pregnancy diet group (P,0·05). † Mean value was significantly different from that of pregnancy CON-fed animals of the same pre-gestational diet group (P,0·05). ‡ Body weight was entered as a covariate for all analyses. Values are means (n 5 or 6), with standard errors represented by vertical bars. CON-CON, control diet pre-and during pregnancy; CON-CAF, control diet pre-gestation, cafeteria diet during pregnancy; CAF-CON, cafeteria diet pre-gestation, control diet during pregnancy; CAF-CAF, cafeteria diet pre-and during pregnancy. There was a significant effect of pre-gestational diet on carcass water (B), N ( ) and fat (A) content at day 5 of gestation (P, 0·05). There was a similar significant effect of gestational diet on carcass water, N and fat at day 20 of gestation and this interacted with the effects of pre-gestational diet (P, 0·05).
weight ratio (P,0·001). The lowest fetal:placental weight ratio was therefore observed in the CAF-CON group, and the highest in the CON-CAF group. Although the CAF-CAF and CON-CON groups exhibited similar fetal:placental weight ratios, the combined weight of the fetus and placenta was lower in the CAF-CAF group. Although cafeteria feeding to induce maternal obesity in the pre-gestational period was associated with fetal growth restriction, most fetal organs remained in proportion to body weight. This is reflected in the lack of significant differences observed when fetal organ weights were analysed with body weight as a covariate (Table 4) . The exceptions to this were the kidneys, where there was some evidence that cafeteria diet consumption in pregnancy reduced renal mass (P, 0·05), and the brain, where a significant interaction between pre-gestational and gestational diets (P, 0·01) indicated that the effect of the cafeteria diet during pregnancy on brain weight differed according to pre-gestational diet.
Discussion
In contrast to the more immediate consequences for maternal and neonatal health, the effects of maternal obesity on the long-term health of the offspring remain poorly understood. Animal studies support the hypothesis that there may be long-term implications for offspring metabolic function and future obesity risk (20 -24) . However, it is not clear whether such effects are the result of maternal obesity per se or the diets fed to induce obesity. The primary aim of the present investigation was to develop a robust model for the evaluation of the independent effects of a cafeteria diet and the intra-uterine environment associated with maternal obesity upon the outcome of pregnancy. The feeding regimen proved effective in inducing obesity without impacting on reproductive success. The study successfully demonstrated that there were differential effects of maternal body fatness and maternal diet upon fetal growth and that the model will therefore be a suitable vehicle for future investigation of the programming of disease risk in older offspring subjected to these protocols.
Cafeteria feeding provides a useful alternative to the feeding of purified high-fat diets to induce obesity, and induces persistent hyperphagia and increased energy intakes (28, 29) as a result of the variety and novelty of the foods available. It is noteworthy that in our hands the increase in energy intake was lower than in other reports using the cafeteria protocol. Other studies have noted that daily energy intakes of cafeteria-fed rats are between 160 and 250 kJ/d higher than those of control animals (22,29 -31) . On average, daily energy intake was 30 kJ/d greater in CAF-fed compared with chow-fed rats, although in the first 2 weeks of the protocol rats consumed approximately 60 kJ/d more. Variability in CON-CON  3·49  0·43  2·09 †  0·13  1·54  0·11  2·21***  0·23  0·85  0·18  2·05*  0·49  CON-CAF  2·75  0·23  3·11  0·22  1·11  0·21  1·77***  0·19  0·43  0·19  1·48*  0·46  CAF-CON  3·54  0·27  2·96  0·42  1·55  0·11  1·88***  0·30  0·65  0·15  2·99*  0·50  CAF-CAF  3·72  0·85  2·91  0·26  1·60  0·10  2·08***  0·14  0·52  0·16  2·20*  0·63 CON-CON, control chow diet pre-gestation and during pregnancy; CON-CAF, control chow diet pre-gestation and cafeteria diet during pregnancy; CAF-CON, cafeteria diet pre-gestation and control chow diet during pregnancy; CAF-CAF, cafeteria diet pre-gestation and during pregnancy. Mean value was significantly different from that on day 5: * P, 0·05, *** P, 0·001. † Mean value was marginally different from those of the three cafeteria-fed groups on day 20 (P, 0·06). CON-CON, control diet pre-and during pregnancy; CAF-CON, cafeteria diet pre-gestation, control diet during pregnancy; CON-CAF, control diet pre-gestation, cafeteria diet during pregnancy; CAF-CAF, cafeteria diet preand during pregnancy. Plasma volume was influenced by the gestational stage (P, 0·001).
impact of CAF feeding may be explained by differences in age and strain of the rats under study (32) , but it seems most likely that the profile of foods used explains the present results. Whilst we used a panel of twelve food items, Shafat et al. (29) , for example, used thirty-six, thereby maintaining novelty for longer. This does not impact strongly on our conclusions as the aim of the study, that is the induction of maternal obesity, was achieved even with less marked hyperphagia.
The increased energy intakes of the cafeteria-fed rats in the present study were associated with a significant change in the composition of their diets and thus the proportion of energy consumed as fat, carbohydrate or protein. Their substantially higher fat intake (CON-CON: 2·44 (SEM 0·12) g/d per kg body weight v. CAF-CAF: 16·28 (SEM 0·80) g/d per kg body weight) meant that cafeteria animals were consuming a much greater proportion of their daily energy intake from fat and less from protein and carbohydrate, similar to other cafeteria studies (22, 29, 33, 34) . CAF-fed animals also had higher intakes of Na. The use of dietary patterns as a measure of exposure in human studies of diet -disease relationships provides a useful alternative to the assessment of single nutrients or foods. A recent review of such studies demonstrated an inverse association between 'prudent' dietary patterns (i.e. in line with UK Department of Health recommendations) and all-cause mortality and CVD risk (35) . The dietary pattern observed with a cafeteria feeding system reflects that of the 'non-prudent' human (35, 36) , and avoids the very high intakes of specific and potentially biologically active fatty acids, which are observed in other models of high-fat feeding. It is therefore considered an effective tool for modelling the effects of 'non-prudent' dietary patterns in humans, rather than for investigating the impact of controlled alterations in the intake of specific nutrients.
The dietary pattern of pregnant rats fed a cafeteria diet would be expected to have permanent effects on the metabolic function and health of the offspring in later life, as previous studies have shown such effects in response to altering the intakes of individual nutrients during pregnancy. For example, feeding a low-protein or high-fat diet to rats during pregnancy has been shown to alter renal and cardiovascular function (37 -40) , insulin sensitivity (41, 42) and dietary behaviours (22, 43) in postnatal life. Although the CAF-fed rats had lower intakes of protein, they were not consuming a low-protein diet and their intakes were above the recommendations for growing and pregnant animals (44) . The present study aimed to use a cross-over experimental design to develop a model which distinguishes between the effects of dietary treatment and obesity per se.
Cafeteria feeding in the pre-gestational period was effective in inducing obesity, as shown in other studies (28, 29) . This is demonstrated by the significantly heavier abdominal fat depots and higher percentage total body fat in cafeteria-fed rats in comparison with controls at day 5 of gestation. Rats that were then transferred to the control diet at mating (CAF-CON) remained significantly fatter throughout pregnancy when compared with those who had consumed the control diet throughout the study (CON-CON) . We propose that this group provides an opportunity to examine the effects of maternal obesity per se, without the confounding effects of an altered maternal diet during pregnancy. Similarly, rats fed a pre-gestational control diet and then transferred to the CON-CON, control diet pre-and during pregnancy; CAF-CON, cafeteria diet pre-gestation, control diet during pregnancy; CON-CAF, control diet pre-gestation, cafeteria diet during pregnancy; CAF-CAF, cafeteria diet preand during pregnancy. (a) Fetal weight on day 20 of gestation was influenced by the pre-gestational diet (P, 0·001). * Mean value was significantly different from that of pre-gestation CON-fed animals of the same pregnancy diet group (P, 0·001). (b) Placental weight on day 20 of gestation was influenced by the gestational diet (P, 0·001). † Mean value was significantly different from that of pregnancy CON-fed animals of the same pre-gestational diet group (P,0·001). (c) Fetal:placental ratio on day 20 of gestation was influenced by the pre-gestational diet (P, 0·001) and gestational diet (P, 0·001). * Mean value was significantly different from that of pre-gestation CON-fed animals of the same pregnancy diet group (P, 0·001). † Mean value was significantly different from that of pregnancy CON-fed animals of the same pre-gestational diet group (P, 0·001).
cafeteria diet at mating (CON-CAF) provide an opportunity to investigate the effects of cafeteria feeding per se. Although these animals did exhibit increased body fatness in comparison with controls by day 20 of gestation inevitably, this was not to the extent observed in rats that had been fed the cafeteria diet in the pre-gestational period to induce obesity at mating.
Having demonstrated the effectiveness of the cafeteria feeding system in inducing obesity before mating and the suitability of the cross-over experimental design, it was important to investigate whether the dietary treatments had impacted upon reproductive outcome. No differences were apparent in breeding success or litter size between the control and cafeteria-fed rats, supporting the suitability of this dietary regimen for studies in pregnancy. There was also no effect on plasma volume expansion during pregnancy, indicating that the maternal reno-vascular adaptation to pregnancy occurred as normal (45) . In the present study, cafeteria feeding had little impact upon circulating maternal plasma glucose, TAG or cholesterol. Average plasma glucose concentrations were lower in animals fed the control diet at day 20 of gestation in comparison with animals fed the cafeteria diet in the pre-gestational and/or gestational periods, but this did not reach statistical significance (P¼0·06). Although high-fat feeding over a prolonged period of time in rodents generally leads to moderate hyperglycaemia and hypertriacylglycerolaemia, the literature demonstrates high variability in the effects of high-fat feeding on circulating markers of glucose and lipid metabolism (46) . This may be explained by the different fatty acid composition and total fat content of the high-fat diets used, and the length of time that the animals consumed the diets. In addition, circulating metabolites may have been affected by the type of profile of cafeteria foods offered on the day of blood sampling and the timing of blood sampling in the postprandial period. In agreement with our data, most studies show rats to be resistant to the development of hypercholesterolaemia unless fed a high-fat high-cholesterol diet (46, 47) . Whilst the present study demonstrates no gross disturbance of glucose and lipid homeostasis, it must be noted that blood was collected from animals in the fed state and that the metabolic adjustments acting to maintain maternal circulating glucose and cholesterol levels may themselves impact upon the intra-uterine environment.
The importance of distinguishing between the effects of dietary intervention and obesity per se is evidenced by their differing effects on fetal and placental weight. Interestingly, the pre-gestational cafeteria diet significantly reduced fetal weight at day 20 of gestation, irrespective of diet during pregnancy. Transferring to the control diet at mating did not, therefore, 'rescue' the fetus from the growth-restricting effects of maternal obesity in this model. Cafeteria feeding during gestation only did not impact on fetal weight, similarly to that observed by Bayol et al. (48) , supporting the notion that it is maternal obesity rather than the associated diet which is responsible for the fetal growth restriction. The growthrestricting effects of maternal obesity in this model do not appear to be mediated by a restriction of placental growth, as there was no effect of pre-gestational cafeteria feeding on placental weight. Instead, maternal obesity may be associated with altered placental nutrient transfer or utilisation in the feto-placental tissues (49, 50) . Within the animal literature, it is difficult to directly assess the impact of maternal obesity on birth weight, as in most studies the effects observed could be attributed to the high-fat feeding associated with it. High-fat feeding in the pre-gestational and gestational periods significantly increased neonatal weights in some studies (mouse (20, 49) ) but not others (rat (21) and mouse (51, 52) ). A study which used pre-gestational intragastric cannulation to isolate the effects of maternal obesity from those of the maternal diet showed no effect of obesity on birth weight (24) . Within the human literature, maternal obesity is primarily associated with fetal overgrowth (4, 53) , although a recent prospective study of pregnancy outcome in obese women found an increased risk of both small-and large-for-gestational-age infants (54) . It should also be noted that maternal obesity is a risk factor for preterm delivery, which is often associated with small-for-gestational-age fetuses. It is hypothesised that maternal obesity augments the increase in insulin resistance usually observed in pregnancy, increasing fuel supply to the fetus (53) . Differences observed in the effects of maternal obesity on fetal growth may therefore relate to the nature of the metabolic disturbance observed in each particular species and strain used, and differences in the diets associated with obesity in each animal model. Improved understanding of the interactions between maternal diet and adiposity in their effects on fetal development is required. CON-CON  0·261  0·005  0·133  0·002  0·019  0·001  0·018  0·002  0·014  0·001  CON-CAF  0·247  0·006  0·126  0·004  0·018  0·001  0·013 †  0·001  0·014  0·001  CAF-CON  0·225  0·007  0·124  0·003  0·019  0·001  0·014  0·001  0·014  0·001  CAF-CAF  0·220  0·005  0·136  0·002  0·017  0·001  0·012 †  0·001  0·011  0·000 CON-CON, control chow diet pre-gestation and during pregnancy; CON-CAF, control chow diet pre-gestation and cafeteria diet during pregnancy; CAF-CON, cafeteria diet pre-gestation and control chow diet during pregnancy; CAF-CAF, cafeteria diet pre-gestation and during pregnancy. † Mean value was significantly different from that of pregnancy CON-fed animals of the same pre-gestational diet group (P, 0·05). ** There was an interaction between pre-gestational diet and gestational diet in their effects on the weight of the brain (P, 0·01).
In conclusion, the present study has developed a robust model for the evaluation of the independent effects of cafeteria feeding and maternal obesity. Cafeteria feeding from weaning and for a period of 8 weeks was effective in inducing obesity without impacting on reproductive success. The preliminary data have shown interesting effects of maternal obesity induced by cafeteria feeding in the pre-gestational period on fetal and placental growth, which differed from the effects of cafeteria feeding during the pregnancy period alone. Future work with this model will improve understanding of the complex interactions between dietary-and obesity-related factors during pregnancy in their effects on fetal development and postnatal metabolic function.
